Background: A wide variety of oral diabetes medications are currently available for the treatment of type 2 diabetes mellitus, but it is unclear how these agents compare with respect to long-term cardiovascular risk. Our objective was to systematically examine the peerreviewed literature on the cardiovascular risk associated with oral agents (second-generation sulfonylureas, biguanides, thiazolidinediones, and meglitinides) for treating adults with type 2 diabetes.
A
WIDE VARIETY OF ORAL DIAbetes medications are currently available for the treatment of type 2 diabetes mellitus. With the addition of newer oral therapies to the market in the late 1990s (eg, thiazolidinediones and meglitinides), it is critical to evaluate how these agents compare with older medications. This is particularly important in light of the expense of many of the newer therapies. Clinical trials examining the efficacy of these different therapies have largely focused on intermediate clinical outcomes such as changes in levels of hemoglobin A 1c (HbA 1c ) or serum lipids and in blood pressure. Improvements in control of glucose levels per se have been shown to reduce the incidence of microvascular disease, 1 and there is accumulating evidence of potential macrovascular benefits. [2] [3] [4] [5] Nonetheless, the specific effects of oral diabetes agents on cardiovascular risks remain unclear.
An important clinical question is whether the different oral medications for type 2 diabetes variously affect hard clinical outcomes, including cardiovascular morbidity and mortality and all-cause mortality. These outcomes have unequivocal clinical relevance. There has been recent controversy regarding possible cardiovas-CME available online at www.jamaarchivescme.com and questions on page 2059
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cular risk associated with rosiglitazone. [6] [7] [8] [9] The debate surrounding rosiglitazone highlights the need for a comprehensive examination of all oral diabetes medications, alone and in combination. The objective of this study was to conduct a systematic review of all published peer-reviewed, randomized clinical trials of oral diabetes agents (second-generation sulfonylureas, biguanides, thiazolidinediones, and meglitinides) to evaluate the risk of fatal and nonfatal cardiovascular disease and all-cause mortality. We hypothesized that the newer medications (thiazolidinediones and meglitinides) would be similar to the older medications (metformin hydrochloride and secondgeneration sulfonylureas) with respect to cardiovascular risk, given that these medications had similar effects on HbA 1c levels in a previous systematic review. 10 
METHODS

DATA SOURCES AND SEARCHES
We searched MEDLINE (1966 to January 19, 2006) , EMBASE (1974 to January 19, 2006) , and the Cochrane Central Register of Controlled Trials (1966 to issue 4, 2005) databases for original articles. Details regarding our search strategy have been previously published. 10 We selected studies from the peer-reviewed literature that assessed the benefits or the harms of the US Food and Drug Administration-approved oral diabetes agents available in the United States as of January 1, 2006 . Studies must have reported original data in adults with type 2 diabetes. We included studies of combinations of therapies that are commonly used, such as metformin, secondg e n e r a t i o n s u l f o n y l u r e a s , a n d thiazolidinediones. We excluded studies that evaluated combinations of any 3 oral diabetes agents and studies of firstgeneration sulfonylureas because few clinicians prescribe these medications. We also excluded the ␣-glucosidase inhibitors because they have been reviewed previously 11 and are not commonly used in clinical practice in the United States. In addition, we excluded studies that did not report all-cause mortality or cardiovascular morbidity or mortality anywhere in the article and studies that were less than 3 months in duration or where the total sample size was less than 40. We focus herein on the peer-reviewed literature because it provides the strongest levels of evidence.
This study was conducted by the Johns Hopkins Evidence-Based Practice Center as part of a larger project commissioned by the Agency for Healthcare Research and Quality. The full technical report provides a detailed description of the study methods.
12
DATA EXTRACTION AND QUALITY ASSESSMENT
Two investigators (E.S. and S.B.) used standardized data abstraction forms to independently abstract all data. Disagreements were resolved by consensus. The scale created by Jadad et al 13 was used to assess study quality. If cardiovascular disease was not a primary end point of the study, we separately rated the quality of the adverse event reporting for cardiovascular outcomes in each trial using a 4-point scale based on the US Food and Drug Administration and the Consolidated Standards of Reporting Trials guidelines for adverse event reporting (available from the authors on request). [14] [15] [16] For data abstraction, we relied on definitions of cardiovascular morbidity and mortality as defined in the respective studies (available from the authors on request). We excluded cases of congestive heart failure when possible, but there were instances where studies reported combined end points in which heart failure cases could not be separated. We assumed that events and deaths were reported for all arms if they were reported for one. Events were recorded as not reported for those studies that did not indicate the occurrence (or lack thereof ) of events or deaths for that particular outcome. We used outcome definitions that were inclusive (for instance, in one study, 17 chest pain was included with cardiovascular events because no other information was provided).
DATA SYNTHESIS AND ANALYSIS
We first summarized the trials qualitatively. In the quantitative synthesis, all analyses were conducted following the principle of intention to treat. Trials with no cardiovascular events in any treatment arm were excluded from the quantitative analysis. We conducted metaanalyses of comparisons for which there were at least 4 relatively homogeneous trials. We combined the comparator arms to create an any-other comparator group (drug or placebo). The comparisons of interest were metformin vs any comparator (oral agent or placebo/diet), metformin vs any sulfonylurea combined with metformin, any sulfonylurea vs any comparator, any sulfonylurea vs any sulfonylurea combined with metformin, rosiglitazone vs any comparator, rosiglitazone plus metformin vs metformin alone, pioglitazone hydrochloride vs any comparator, and either of the meglitinides vs any comparator.
For trials with more than 1 dosing arm, we combined the dosing arms as long as the doses were consistent with current clinical practice. For trials with more than 1 comparison group, we combined groups when appropriate. Odds ratios (ORs) were calculated and pooled using a MantelHaenszel fixed-effects model (with a 0.5 continuity correction) 18, 19 and the Peto method. 20 Statistical heterogeneity was assessed with the I 2 statistic. 21 Sensitivity analyses were conducted to examine the effect of inclusion/exclusion of influential studies (eg, the United Kingdom Prospective Diabetes Study [UKPDS] and the Prospective Pioglitazone Clinical Trial in Macrovascular Events [PROactive]) and different dosing and control group arms. All analyses were conducted using Stata/SE statistical software, version 10.0 (StataCorp, College Station, Texas). Figure 1 details the search and selection process; more details are found in the full technical report. 12 Briefly, of the 7563 unique citations retrieved, 434 were determined to be relevant to our study questions and were identified for full-text article review. One hundred forty-two of these publications were of randomized controlled trials and only 40 reported data on cardiovascular events and/or mortality. The main findings from the UKPDS were reported in 2 separate publications. 1, 22 For the purposes of our study, the UKPDS 33 and 34 are considered separate trials and the UKPDS 34 is further divided into 2 separate comparisons so that the sulfonylurea, metformin, and early addition of metformin to the sulfonylurea arms are analyzed separately as in the originally published reports. Forty articles made up our final study population.
RESULTS
SEARCH RESULTS
QUALITATIVE SUMMARY
Characteristics of the 40 included clinical trials are summarized in Table 1 . Most of the trials were con-ducted in the United States or the United Kingdom. The mean age of the participants ranged from 52 to 69 years; mean HbA 1c level at baseline ranged from 6.2% in the UKPDS 1 to 10.2% in 2 small, shortterm studies. 23, 38 Twenty-seven of the trials (68%) were less than 1 year in duration. Twenty-eight studies (more than half ) reported receiving support from the pharmaceutical industry (information available from the authors on request).
In most studies, cardiovascular outcomes were recorded as adverse events and were not a primary or secondary outcome of the trial, with the exception of the PROactive Study 31 and UKPDS. 1, 22 With approximately 4000 participants and a mean of 10.7 years of follow-up, the UKPDS is the longest trial of oral diabetes medications in the published literature. The UKPDS 33 compared the effects of intensive glucose control with sulfonylurea or insulin therapy and conventional treatment on the risk for microvascular and macrovascular complications. 1 A median difference in HbA 1c level of 0.9% was achieved between the 2 arms, and intensive control with a sulfonylurea or insulin was shown to substantially decrease the risk of microvascular outcomes compared with conventional treatment. The results for macrovascular outcomes were more equivocal, with no significant differences observed for stroke or a combined end point of amputation or death due to peripheral vascular disease but a borderline significant 16% reduction in myocardial infarctions (P = .052). When the intensive therapy group was further subdivided into glyburide (glibenclamide) vs conventional treatment, the observed effect was similar; specifically, a borderline 22% reduction in myocardial infarctions was seen with glyburide therapy compared with conventional treatment (P=.06).
In the UKPDS 34, metformin, chlorpropamide, glyburide, and insulin were compared in one analysis, and a second supplementary analysis compared the sulfonylurea arm with the early addition of metformin to sulfonylurea therapy. 22 The main findings of the UKPDS 34 suggested no difference in cardiovascular outcomes when the different therapies were compared indirectly.
Only metformin therapy compared with conventional treatment in overweight individuals showed a significant 36% and 39% reduction in allcause mortality and myocardial infarction, respectively. In addition, the early addition of metformin to sulfonylurea therapy unexpectedly showed a 60% significantly increased risk of all-cause mortality compared with the sulfonylurea arm, where metformin or insulin was added only if the participant was markedly hyperglycemic. The UKPDS was conducted before the emergence of thiazolidinediones.
The PROactive Study of more than 5000 participants followed up for an average of just less than 3 years (34.5 months) was designed to investigate whether treatment with the thiazolidinedione pioglitazone would be associated with a reduced risk of cardiovascular end points compared with treatment with placebo (taken in addition to existing diabetes medications). 31 The PROactive Study showed a nonsignificant reduction in the primary composite end point (10% reduction in relative risk [RR] ; P=.10) and a significant reduction in the main secondary end point of all-cause mortality, nonfatal myocardial infarction, and stroke (16% reduction in RR; P =.03). The median decrease in HbA 1c level in the pioglitazone arm was 0.8% compared with 0.3% in the control arm.
Most of the trials included in the present study were not designed (or powered) to examine cardiovascular events. A history of cardiovascular disease was an exclusion criterion for most studies, but 4 studies specifically examined the effects of oral agents in populations with a history of cardiovascular disease. 28, 46, 47, 54 Choi et al, 28 Nishio et al, 46 and Takagi et al 54 each assessed restenosis rates in small, 6-month trials of oral diabetes therapy in persons with type 2 diabetes. Because it is unclear whether those 3 studies are generalizable to the population of all persons with type 2 diabetes, they were excluded from our quantitative analysis. A study by Rachmani et al 47 was unusual in that it aimed to examine the safety of metformin in patients with contraindications. Because that study was not typical in its design and included participants with contraindications, it was excluded from our analysis. The bulk of other studies identified by our search were more typical randomized clinical trials comparing the efficacy or effectiveness of various oral medications on intermediate clinical measures (eg, change in levels of HbA 1c or lipids or in blood pressure) and also reported collecting data on adverse events, including cardiovascular events. A meta-analysis of the effects of oral diabetes drugs on intermediate measures has been previously publishedbyourresearchgroup. 10 Our searchidentified2dose-responsestudies, 34, 52 one study comparing 2 differentformulationsofglyburide, 27 andthe other study comparing 2 different sulfonylurea therapies. 32 These 4 trials were included in Table 1 but were excluded from our quantitative analyses because they did not contribute to our comparisons of interest.
Across all trials, the average Jadad quality score was 3 (maximum 56 report the same trial. k The authors state that "cardiac events were reported at similar frequencies in both treatment groups." possible score, 5). More detailed information regarding the quality of these trials is presented in the complete report. 12 Of the relevant 142 randomized trials initially identified in our search, only 40 indicated collection of data on serious adverse events, including mortality or cardiovascular events. Of the 40 trials reviewed herein, 8 included cardiovascular events in the primary or secondary end point. The quality of serious adverse event reporting among the 32 trials where cardiovascular events were not included in the primary or secondary outcome was fair, with an average quality score of 3 (maximum possible score, 4). Only 12 trials scored a perfect 4, indicating that all serious adverse events, withdrawals, and dropouts were reported and that clear definitions of serious adverse events were provided in the manuscript. Serious adverse events, such as fatal and nonfatal cardiovascular events, may be underreported in this literature; however, we were unable to directly evaluate this phenomenon.
QUANTITATIVE SUMMARY
Pooled results for all comparisons of interest are presented in Table 2 .
Pooled analyses using the Peto and Mantel-Haenszel methods did not differ appreciably, and thus only the Mantel-Haenszel results are presented herein. There were insufficient numbers of trials (Ͻ4 studies) for many of the comparisons, and we were thus unable to pool these data (Table 2 ). Figure 2 presents graphical displays (Forrest plots) of the pooled and individual ORs for cardiovascular morbidity for the following comparisons: metformin vs any comparator, any sulfonylurea vs any comparator, rosiglitazone vs any comparator, and pioglitazone vs any comparator. Our comparisons for metformin vs any comparator (other oral agent or placebo/diet) were the most robust, with 7 trials that included 11 986 total participants who contributed to the pooled estimate for cardiovascular morbidity (OR, 0.85; 95% confidence interval [CI], 0.69-1.05), 6 trials that included 11 385 individuals who contributed to the pooled estimate for cardiovascular mortality (0.74; 0.62-0.89), and 9 trials that included 13 046 individuals contributing to the pooled estimate for allcause mortality (0.81; 0.60-1.08). No other significant associations were observed for any oral agent with cardiovascular morbidity, mortality, or all-cause mortality. In the analysis of the sulfonylureas, the UKPDS was highly influential (accounting for Ͼ500 participants and most of the events). When the UKPDS was excluded from these comparisons, the results remained nonsignificant, but the CIs were substantially wider, reflecting the imprecision of the remaining studies (Figure 2) . Similarly, the PROactive trial was highly influential in our analyses of pioglitazone and, when this trial was excluded, the results remained nonsignificant but far less precise (Figure 2) .
Rosiglitazone was the only oral agent that was associated with an increased risk of cardiovascular morbidity and mortality and all-cause mortality (all ORs, Ͼ1.0); however, none of these estimates was statistically significant, possibly owing to the small sample sizes and limited number of included studies. Many small studies reported only 1 or 2 cardiovascular events or The ORs (boxes) and 95% confidence intervals (CIs) (horizontal bars) are estimated from each study. The size of the box is proportional to the weight of the study in the pooled analysis. The pooled Mantel-Haenszel ORs are represented by the diamonds; the width of the diamond represents the pooled 95% CI. The vertical line at 1.0 indicates no effect. Because of rounding, the weight percentages may not total 100.
sible cardiovascular effects of single drugs, particularly the newer thiazolidinediones, rosiglitazone and pioglitazone. 6, 7, 60, 61 We included the most common oral diabetes medications currently in use in the United States to provide a comprehensive picture of possible cardiovascular risk. When compared with any other treatment or placebo, we found that metformin was associated with a statistically significant decrease in cardiovascular mortality (OR, 0.74; 95% CI, 0.62-0.89). The point estimates for metformin with cardiovascular morbidity and all-cause mortality were similar but not statistically significant. When compared with any other diabetes agent or placebo, rosiglitazone was the only therapy that was associated with a possible increase in the risk of cardiovascular morbidity or mortality, but these results were not statistically significant. No other differences in cardiovascular risk between other commonly used oral diabetes medications were evident in this literature. Nonetheless, the poor quality and inconsistent reporting of adverse events and the profound lack of long-term studies make it difficult to draw firm conclusions.
The UKPDS was designed principally to examine the effect of absolute reductions in glucose levels on longtermoutcomes.IntheUKPDS,thelack of a difference in cardiovascular risk reduction when indirect comparisons were made across treatments and the significant reduction observed when intensive control was compared with theconventionaltreatmentgroupsuggest that it is glycemic control per se that may be partially driving cardiovascular risk reduction. This is consistent with several other large epidemiologic studies. [2] [3] [4] Furthermore, in the PROactive Study, the pioglitazone group had a 0.8 absolute percentage point decrease in the HbA 1c level compared with a 0.3 absolute percentage point decrease in the control arm; this trial showed a corresponding moderate reduction in the secondary end points (all-cause mortality, nonfatal myocardial infarction, and stroke) in the pioglitazonetreated group compared with the control group.
Questions have recently been raised regarding the possible cardiotoxic effects of rosiglitazone, a newer thiazolidinedione. The Diabetes Reduction Assessment With Ramipril and Rosiglitazone Medication (DREAM) study, 62 a large study in individuals with prediabetes published in 2006, showed that rosiglitazone was associated with a reduced risk of the composite outcome of incident diabetes (based on glucose levels) and death. The interpretation of this trial has been controversial because of a borderline statistically significant increase in cardiovascular events (RR, 1.37; P=.08) and a statistically significant increase in congestive heart failure cases in the treatment arm (RR, 7.03; P = .01). 63 A second study in persons with type 2 diabetes, A Diabetes Outcome Prevention Trial (ADOPT), 64 was published after the completion of our literature search and was not included in our analyses. The ADOPT results showed a nonsignificant increase in fatal and nonfatal myocardial infarction in the rosiglitazone group compared with the metformin group or the glyburide group. A recent metaanalysis by Nissen and Wolski 6 suggested a statistically significant excess of cardiovascular morbidity due to treatment with rosiglitazone in a pooled analysis that included a diverse population of published and unpublished studies of individuals with and without type 2 diabetes (including the ADOPT and the DREAM study). An interim analysis of the Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycaemia in Diabetes (RECORD) trial showed no statistically significant elevation in cardiovascular risk (besides congestive heart failure) related to rosiglitazone treatment compared with metformin and the sulfonylureas. 65 Some data relevant to the question of cardiovascular risk among persons taking oral diabetes medications exist outside the peerreviewed literature and have been included in previous reviews, including that by Nissen and Wolski. 6 A sensitivity analysis in which data from the ADOPT, the RECORD trial, and eligible unpublished trials analyzed by Nissen and Wolski 6 were pooled with our included studies resulted in pooled ORs of 1.28 (95% CI, 0.95-1.76) for cardiovascular morbidity and 1.24 (0.87-1.79) for cardiovascular mortality when rosiglitazone was examined against any other comparator. Our main results, based exclusively on published data in persons with type 2 diabetes, are not inconsistent with an increase in cardiovascular risk with rosiglitazone treatment, but we had an insufficient number of studies to draw firm conclusions. The interpretation of the data on rosiglitazone remains controversial.
The limitations of this metaanalysis largely reflect the limitations of the published literature on oral diabetes medications. A major weakness is that few trials have examined the comparative effectiveness of oral diabetes medications on cardiovascular outcomes. Indeed, only 2 studies included in our quantitative analyses had participant follow-up for longer than 2 years. Despite combining multiple comparator groups, the total number of events in each of our comparisons of interest was small, and we included only studies that had at least 1 cardiovascular event in 1 arm. Studies that did not report collecting information on cardiovascular events were excluded from the review. Furthermore, although we attempted to exclude cases of congestive heart failure from all analyses, we relied on the definitions in the individual studies, and there were instances in which the reporting of cardiovascular events was ambiguous.
The current evidence based on comparison of specific oral diabetes medications for the risk of cardiovascular morbidity and mortality is inconclusive. Our study demonstrates that there have been few trials of oral diabetes therapies that have lasted longer than 6 months and that reporting of adverse events for cardiovascular disease is poor. Because most medications have similar shortterm efficacy, 10 the selection of appropriate oral therapy is largely based on patient and provider preferences, a medication's profile of adverse effects, and cost. There is a critical need for studies of oral diabetes medications with long-term outcomes. The relatively modest differences in blood pressure, cholesterol levels, and weight observed after treatment with oral diabetes medications in shortterm trials may not translate to changes in long-term cardiovascular risk. Only long-term trials can provide definitive conclusions regarding the comparative efficacy of oral diabetes medications and long-term risks. Because individuals with diabetes are at a dramatically elevated risk of cardiovascular disease, trials of even 1 to 2 years' duration with rigorous and standardized reporting of adverse events can provide important information, especially when the results of separate studies can be pooled. One clear conclusion from the literature is that all clinical trials comparing oral diabetes medications, regardless of duration, should endeavor tocollectandreportadverseeventsrigorously, including cardiovascular and all-cause mortality. Clear protocols for reporting adverse events and determining reasons for withdrawal of study participants should also be included. The development of the ConsolidatedStandardsofReportingTrials statement 14, 66, 67 -which requires reporting of "all important adverse events or side effects in each intervention group"-should help ameliorate this problem, but such standards need to be rigorously and consistently applied.
In conclusion, our meta-analysis suggested that, compared with other oral diabetes agents and placebo, metformin appeared moderately protective against cardiovascular effects and that rosiglitazone was possibly harmful, but a lack of power prohibited firmer conclusions. Larger, long-term studies taken to hard end points and better reporting of cardiovascular events in short-term studies will be required to draw firm conclusions about major clinical benefits and risks related to oral diabetes agents. 
